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Alice | 00>+| 11> bit
Bob |0 0>+|1 1> bit



EPR



Alice Bob EPR 1/ ς(|00>+|11>)  

qubit Alice qubit

EPR

1/ ς(| 00>+| 11>)  

Alice EPR 1/ ς(|00>+|11>)

Alice qubit

|0> 1/ ς(| 00>+| 11>) | 01>

 1/ ς 1/2

|1> 1/ ς(| 00>+| 11>) | 11>

 1/ ς 1/2

EPR 1/ã2 (|00>+|11>)



Alice EPR  1/ã2 (|00>+|11>) 
|0>

1/ã2 (|00>+|11>)

|00>

|0> 1 
100% Bob

0

Alice qubit |0>
Bob qubit |0>

EPR 1/ã2 (|00>+|11>)



Alice EPR  1/ã2 (|00>+|11>) 
|1>

1/ã2 (|00>+|11>)

|11>

|1> 1 
100% Bob

|1>

Alice qubit |1>
Bob qubit |1>

EPR 1/ã2 (|00>+|11>)



Alice

Alice qubit |0>
Bob qubit |0>

Alice qubit |1>
Bob qubit |1>

Alice Bob
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 ð
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Ä H|0>, H|1>

Ä

Ä ï



H|0>

|0> H

H|0> =  |0> + |1> 

|0> ȿ ȿ= 

|1> ȿ ȿ= 

|0> |1> 1/2 



H|1>

|1> H

H|1> =  |0> ī |1> 

|0> ȿ ȿ= 

|1> ȿ ȿ= 

|0> |1>1

H|0> H|1>

H|0> H|1>



H 
|0>

H|0>

H |0>
1/ã2|0>+1/ ã2|1>

1/ã2|0>+1/ ã2|1>

|0>
|1/ ã2| 2= 1/2

|1>
|1/ ã2| 2= 1/2

50 %

50 %

ñ0ò

ñ1ò

50%



|0>, |1>

|+>, | >

|+> = H|0> = |0> + |1> 

| > = H|1> = |0> |1>

|+>, | >

<+|+>=<ī|>=1, <+| >=<ī|+>=0 

H|+> = |0> H|ī> = |1> 
H|+> = ( |0> + |1>) = (H|0> + H|1>)

= ( |0> + |1> + |0> |1> ) = |0>

H|ī> = ( |0> ī |1>) = (H|0> ī H|1>)

= ( |0> + |1> ī |0> + |1> ) = |1>





Alice: bit qubit
qubit Bob

Ä Alice bit qubit

1. |0>, |1>
bit 0 qubit |0>
bit 1 qubit |1>

2. |+>, |ī>
bit 0 qubit |+>
bit 1 qubit |ī>

Ä |0>, |1> |+>, |ī>



Bob: Alice qubit
bit

Ä Alice qubit bit

1. |0>, |1> qubit
qubit |0> bit 0 
qubit |1> bit 1 

2. |+>, |ī> qubit
qubit |+> bit 1
qubit |ī> bit 0



|0>, |1> |+>, |ī>

Ä |0>, |1> |+>, |ī>

1. |0>= |+> + |ī>

|1>= |+> ī|ī>

2. |+>= |0> + |1>

|ī>= |0> ī|1>

|0>, |1>
|+>, |ī>



Alice
Bob

Ä Alice Bob

Â bit 0 Alice Bob qubit |0>
|0> =1 |0>+0 |1> Bob 100% |0>

0

Â bit 1 Alice Bob qubit |1>
|1> =0 |0>+1 |1> Bob 100% |1>

1

Ä Alice Bob

Â bit 0 Alice Bob qubit |+>
|+> =1 |+>+0 |ī> Bob 100% |+>

0

Â bit 1 Alice Bob qubit | ī>
|ī> =0 |+>+1  |ī> Bob 100% |ī>

1

Ä



Alice
Bob

Ä Alice Bob

Â bit 0 Alice Bob qubit |0>

|0> = |+> + |ī> Bob 1/2 |+>

1/2 |ī> 0 1

Â bit 1 Alice Bob qubit |1>

|1> = |+> ī |ī> 1/2 |+> 1/2 

|ī> 0 1

Ä Alice Bob

Â bit 0 Alice Bob qubit |+>

|+> =|+>= |0> + |1> Bob 1/2 |0>

1/2 |1> 0 1

Â bit 1

Ä



Alice Bob

Ä Alice 0, 1

Ä Alice
1 qubit Bob

Ä Bob
qubit

Ä Alice Bob

Ä Alice Bob

Ä Alice Bob

0 1



Alice

Alice

qubit

Alice
Bob

X :

ô1ô, ó1ô 



Eve

Alice Bob
Alice Bob



Eve

Ä Eve Alice Bob

1. Alice Bob
Eve

Eve
50% 50%

2. Eve Alice 0
1 50%

3. Eve Alice Bob Alice
Bob 0.5 x 0.5 

=25%

Ä Alice Bob
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3 Shor
https://www.marulabo.net/docs/shor/

https://www.marulabo.net/docs/shor/


Quantum Parallelism

Än qubit

Ä H 

Ä f(x)

Uf

ÄQuantum Parallelism

ÄǴ|ὼ Ὢȿὼ

Ä

Ä



n qubit



qubit

Ä qubit 0 1

Ä 0 |0>
1 |1> 

Ä qubit
0 a
1 b 

qubit q1

|q1> = a|0> + b|1>

Ä qubit a, b |0>, |1> 

Ä a, b |a| 2+|b| 2 =1 



qubit

Ä qubit q1 q2

Ä q1 q2
|q1> = a|0> + b|1>
|q2> = c|0> + d|1>

Ä qubit q1 q2

|q1> ἆ |q2> 

q1 q2

|q1> |q1>

q1 q2

|q1> ἆ| q1>



qubit

Ä |q1> ἆ |q2> 

|q1> ἆ |q2> = a|0> + b|1> ἆ c|0> + d|1>

= ac|0> ἆ|0>+ad|0> ἆ|1>+bc|1> ἆ|0>+bd|1> ἆ|1>

q1 q2

|q1>
a|0> + b|1>

|q2>
c|0> + d|1>

q1 q2

|q1> ἆ|q2>

a|0> + b|1> ἆ(c|0> + d|1>)



qubit

Ä |0> ἆ|0>=|00>, |0> ἆ|1>=|01>, 
|1> ἆ|0>=|10>, |1> ἆ|1>=|11>

Ä |q1> ἆ |q2> = a|0> + b|1> ἆ c|0> + d|1>
= ac|00>+ad|01>+bc|10>+bd|11>

Ä qubit

q1 q2

|q1>
a|0> + b|1>

|q2>
c|0> + d|1>

q1 q2

|q1> ἆ|q2>

ac|00>+ad|01>+bc|10>+bd|11>



qubit

Ä qubit q1 q2 q3

Ä q1,q2,q3
|q1> = a|0> + b|1>
|q2> = c|0> + d|1>
|q3> = e|0> + f|1>

Ä qubit q1 q2 q3
|q1> ἆ |q2> ἆ |q3>

q1 q2

|q1> |q2>

q1 q2

|q1> ἆ|q1> ἆ |q3>

q3

|q3>

q3



qubit

Ä |q1> ἆ |q2> ἆ |q3>

|q1> ἆ |q2 ἆ |q3> 
= a|0> + b|1> ἆ c|0> + d|1> ἆ e|0> + f|1>

q1 q2

|q1>
a|0> + b|1>

|q2>
c|0> + d|1>

q1 q2

|q1> ἆ|q1> ἆ |q3>

q3

|q3>
e|0> + f|1>

q3



qubit

Ä

|0> ἆ|0> ἆ|0>=|000>, |0> ἆ|1> ἆ|0>=|010>, 
|1> ἆ|0> ἆ|0>=|100>, |1> ἆ|1> ἆ|1>=|111> é

Ä |q1> ἆ |q2 ἆ |q3> 

= a|0> + b|1> ἆ c|0> + d|1> ἆ e|0> + f|1>
= ace|000>+acf|001>+ade|010>+adf|011>
+bce|100>+bcf|101>+bde|110>+bdf|111> 

q1 q2

|q1>
a|0> + b|1>

|q2>
c|0> + d|1>

q1 q2

|q1> ἆ|q1> ἆ |q3>

q3

|q3>
e|0> + f|1>

q3



qubit

Ä qubit
|q1> ἆ |q2 ἆ |q3> 
= a|0> + b|1> ἆ c|0> + d|1> ἆ e|0> + f|1>

= ace|000>+acf|001>+ade|010>+adf|011>
+bce|100>+bcf|101>+bde|110>+bdf|111>

|000>,|001>,|010>,|011>,|100>,|101>,|110>,|111>

q1 q2

|q1>
a|0> + b|1>

|q2>
c|0> + d|1>

q1 q2

|q1> ἆ|q1> ἆ |q3>

q3

|q3>
e|0> + f|1>

q3



n qubit

Ä n qubit
2n

|000é00>
|000é01>
|000é10>
|000é11>
éé

|010é00>
éé

|111é00>
|111é01>
|111é10>
|111é11>

2n

n

q1 q2

|q1> ἆ|q1> ἆ |q3> ἆ ȣἆ | qn >

q3 qn



H 

n

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

(|0> + |1>)

( |00> + |01>

+|10> + |11> )

n=1

n=2

2

4



H 

n

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

(

|000> + |001>
+ |010> + |011> 
+ |100> + |001>
+ |110> + |111> 

)

n=3



H 

n

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

(

|0000> + |0001>
+ |0010> + |0011> 
+ |0100> + |0001>
+ |0110> + |0111> 
+ |1000> + |1001>
+ |1010> + |1011> 
+ |1100> + |1001>
+ |1110> + |1111> 

)

n=4

|0> H
(|0> + |1>)

16



H 

n

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

|0> H
(|0> + |1>)

(

|0000> + |0001>
+ |0010> + |0011> 
+ |0100> + |0001>
+ |0110> + |0111> 
+ |1000> + |1001>
+ |1010> + |1011> 
+ |1100> + |1001>
+ |1110> + |1111> 

)

n=4

|0> H
(|0> + |1>)

16



f(x)
Uf



ể
|x>

ể
|f(x)>

ể
|x>

ể
|0>

n

m

f(x)
Uf

f(x)
Oracle

Uf



ể
|x>

ể
|f(x)>

ể
|x>

ể
|0>

n

m

f(x)
Uf

|x>=|x 1x2Ễxn>

|f(x)>=|f (|x 1x2Ễxn>)Ancilla

Uf

|0>=|00 Ễπ>



ể
|x>

ể
|f(x)>

ể
|x>

ể
|0>

n

m

f(x)
Uf

|x>=|x 1x2Ễxn>

|f(x)>=|f (|x 1x2Ễxn>)Ancilla

Uf

|0>=|00 Ễπ>



2-qubit( 1-qubit, 1-qubit)
Uf

x = |0> 

|0> ἆȿπ |0> ἆÆ ȿπ

Uf

|0>

|0>

|0>

f(|0>)

x x

y f(x)



2-qubit(f 1-qubit, f 1-qubit)
Uf

x = |1> 

|1> ἆ|0> |1> ἆf(|1>)

Uf

|1>

|0>

|1>

f(|1>)

x x

y f(x)



2-qubit(f 1-qubit, f 1-qubit)
Uf

x = (|0>+|1>)/ ς

| ȿπ ȿρ ȾЍςἆȿπ|0> f(|0>) / ς+ |1> f(|1>) / ς

Uf

(|0>+|1>)/

|0>

x x

y f(x)

entangle

Uf



|0>f(|0>)/ã2 + |1>f(|1>)/ã2

Ä f Uf
M

M( a|A >+ b|B >)= aM|A >+ bM|B >

Ä x = |0> x = |1> Uf

Uf |0> ἆ|0>)= |0> ἆf(|0>)
Uf |1> ἆ|0>)= |1> ἆf(|1>)

Ä Uf

Uf((|0>+|1>)/ ςἆ|0> )  

= Uf((|0>/ ςἆ|0> + |1>/ ςἆ|0>) 

= Uf |0> ἆ|0>) / ς+ Uf |1> ἆ|0>) / ς

= |0> ἆf(|0>) / ς+ |1> ἆf(|1>) / ς
= |0>f(|0>)/ã2 + |1>f(|1>)/ã2



3-qubit(f 2-qubit, f 1-qubit)
Uf

x = |0> ἆ|0> = |00> 

|00> ἆȿπ |00> ἆÆ ȿπ

Uf

|0>

|0>

|0>

f(|00>)

x x

y f(x)

|0> |0>



3-qubit(f 2-qubit, f 1-qubit)
Uf

x = |0> ἆ|1> = |01> 

|01> ἆȿπ |01> ἆÆ ȿπ

Uf

|0>

|0>

|0>

f(|01>)

x x

y f(x)

|1> |1>



3-qubit(f 2-qubit, f 1-qubit)
Uf

x = (|0>+|1>)/ ς)ἆ(|0>+|1>)/ ς

|x> ἆȿπ ( |00> f(|00>) + |01>f(|01>) +
|10>f(|10>) + |11>f(|11>) )/2

Uf

(|0>+|1>)/ ς

|0>

x x

y f(x)

(|0>+|1>)/ ς

entangle

Uf



Ä x = (|0>+|1>)/ ς)ἆ(|0>+|1>)/ ς
x = (|00>+|01>+|10>+|11>)/2 

Ä

Uf(|x> ἆ|0>)
= Uf((|00>+|01>+|10>+|11>) ἆ|0>)/2
= ( Uf(|00> ἆ|0>)+ Uf(|01> ἆ|0>)+ 

Uf(|10> ἆ|0>)+ Uf(|11> ἆ|0>))/2
= (|00> ἆf(|00>)+|01> ἆf(|01>)+

|10> ἆf(|10>)+|00> ἆf(|11>)/2

= ( |00> f(|00>) + |01>f(|01>) +

|10>f(|10>) + |11>f(|11>))/2



ể
|x>

ể
|f(x)>

ể
|x>

ể
|0>

n

m

f(x) 1-qubit
f(x) 0 1

f(x) m-qubit f 
0₩2m -1

Quantum 
Parallelism

Uf

n

m

Uf( ɫ|ὼ>|0>) = ɫUf (|ὼ>|0>) = ɫ|ὼ>|f( ὼ)>

πȟρ ᶳὼ



Quantum Parallelism



(n+1) -qubit(f n-qubit, f 1-qubit)

Uf

Uf n
|0>

|x> ἆȿπ ?

Uf

|0> f(| x>)

x x

y f(x)

H

H

H|0>

|0>

|0>

ể ể ể

n



n 

ᵼ (|0>+|1>) ἆ (|0>+|1>) ἆההההἆ (|0>+|1>)

= ВȿὢὭ

n n

ȿὢὭ>

ȿὢ> = |000 ỄỄ000>

ȿὢ> = |000 ỄỄ001>

ȿὢ> = |000 ỄỄ010>

ȿὢ> = |000 ỄỄ011>
ể                                   ể

ȿὢ> = |111 ỄỄ111>

ɫ
n

ς



Uf

Ä Uf x HἆÎ |0> ἆÎ  ВȿὢὭ

ὢὭɴ πȟρ

ÄUf(|x> ἆ|0>)= Uf( ВȿὢὭἆ|0>)

= ɫ Uf(| Xi > ἆ|0>)

= ɫ (| Xi > ἆf(| Xi >)



Quantum Parallelism

Ä n=3 Uf

(

ȿπππÆȿπππ ȿππρÆȿππρ
ȿπρπÆȿπρπ ȿπρρÆȿπρρ
ȿρππÆȿρππ ȿρπρ Æȿρπρ
ȿρρπÆȿρρπ ȿρρρÆȿρρρ

|x> ἆ f(|x>)

qubit Uf f(|000>)
f(|111>) 8 f

n qubit Uf 2n f 



Quantum Parallelism

Ä n x 1 f(x)

Ä n+1 qubit |0Ớṧn|0Ớ n 
qubit Uf

Ä f 2n

f



n qubit 2n ?



Ǵ|ὼ Ὢȿὼ

Ä Ǵ|ὼ Ὢȿὼ

|ὼ Ὢȿὼ

Ä n=3 Uf

(

ȿπππÆȿπππ ȿππρÆȿππρ
ȿπρπÆȿπρπ ȿπρρÆȿπρρ
ȿρππÆȿρππ ȿρπρÆȿρπρ
ȿρρπÆȿρρπ ȿρρρÆȿρρρ

x ȿπππ

Æȿπππ ȿππρÆȿππρ ȿρρρÆȿρρρ



Ä

qubit

|0> f(0) Ớ |1> f(1) Ớ
×x |x> f(x) Ớ

x f(x)

Ä

×x |x> f(x) Ớ
f(x)



Google



Ä

Ä

2



Ä



Ä 1 2

Ä



Ä 2

Ä

Ä



Ä Google

Ä 53qubit x 20
100 200

Ä

1
IBM

2.5



ñThe Question of Quantum Supremacyò 
http:// ai.googleblog.com /2018/05/the -question -of-quantum -supremacy.html
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Ä

ÄBell State Gate Bell Measure Gate

Ä

ÂSuperdense Coding

Â

ÂEntanglement Swapping



Bell State 



Bell State 
|00>

|0>

|0>



Bell State 
|00>

(|0>+|1>)/ ς
H |0>

(|0>+|1>)/ ς

|0>

|0>



Bell State 
|00>

|0>

(|0>+|1>)/ ςṧ|0>

= ( | 00>+| 10> )/ ς

(|0>+|1>)/ ς



Bell State 
|00>

( | 00>+| 10> )/ ς



Bell State 
|00>

( | 00>+| 10> )/ ς



Bell State 
|00>

( | 00>+| 10> )/ ς

CNOT (( | 00>+| 10> ) / ς)

=  CNOT ( | 00> ) / ς

+ CNOT ( | 10> ) / ς

= ( | 00>+| 11> ) / ς



Bell State 
|00>

( | 00>+| 10> )/ ς

CNOT (( | 00>+| 10> ) / ς)

=  CNOT ( | 00> ) / ς

+ CNOT ( | 10> ) / ς

= ( | 00>+| 11> ) / ς

CNOT
M

a,b
u,v

M(au+bv )
= aM(u)+ bM(v)



Bell State 
|00>

( | 00>+| 10> )/ ς

CNOT (( | 00>+| 10> ) / ς)

=  CNOT ( | 00> ) / ς

+ CNOT ( | 10> ) / ς

= ( | 00>+| 11> ) / ς

CNOT
M

a,b
u,v

M(au+bv )
= aM(u)+ bM(v)

CNOT (|00>) = |00>
CNOT (|10>) = |11>



Bell State 
|00>

( | 00>+| 10> )/ ς

CNOT (( | 00>+| 10> ) / ς)

=  CNOT ( | 00> ) / ς

+ CNOT ( | 10> ) / ς

= ( | 00>+| 11> ) / ς



Bell State 
|00>

( | 00>+| 10> )/ ς

CNOT (( | 00>+| 10> ) / ς)

=  CNOT ( | 00> ) / ς

+ CNOT ( | 10> ) / ς

= ( | 00>+| 11> ) / ς

= ( | 00>+| 11> ) / ς



Bell State 
|00>

|0>

|0>

( | 00>+| 11> ) / ς



Bell State 
|00>

|0>

|0>

( | 00>+| 11> ) / ς

Bell State |ɮ >



Bell State 

|00>

|01>

|10>

|11>

(|00>+|11>)/ ς

(|01>+|10>)/ ς

(|00>ī|11>)/ς

(|01> ī|10>)/ ς



Bell State 

|00>

|01>

|10>

|11>

|ɮ >

|ɰ >

|ɮ >

|ɰ >



Bell State Gate
Bell Measure Gate



Bell State 



Bell Measure  



Bell State Gate

|00>

|01>

|10>

|11>

|ɮ >

|ɰ >

|ɮ >

|ɰ >



Bell Measure  

|00>

|01>

|10>

|11>

|ɮ >

|ɰ >

|ɮ >

|ɰ >



Bell State Gate
Bell Measure Gate

Bell State Gate                               Bell Measure Gate





Superdense Coding

BSG

|0>

|0>

|ɮ >

X Z

BMG

a 2 a 1

b 1

b 2



|ʕ>= a|0>+b|1> 

|0>

|0>

BSG

BMG

X Z

a|0>+b|1> 



11111

Entanglement Swapping

BSG

BSG

|0>

|0>

|1>

|0>

BMG

X Z

|ɮ >
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1982



1982



Simulating Physics with Computers 

1982 Richard P. Feynman

http://www.cs.berkeley.edu/~christos/class
ics/Feynman.pdf

http://www.cs.berkeley.edu/~christos/classics/Feynman.pdf
http://www.cs.berkeley.edu/~christos/classics/Feynman.pdf


Ä



Ä



--

Ä



1994



1994



Polynomial -Time Algorithms for 
Prime Factorization and Discrete 
Logarithms on a Quantum Computer

1995 Peter W. Shor

http://arxiv.org/pdf/quant -ph/9508027v2.pdf

http://arxiv.org/pdf/quant-ph/9508027v2.pdf


A digital computer is generally believed to be an 
efficient universal computing device; that is, it is 
believed able to simulate any physical computing 
device with an increase in computation time by at 
most a polynomial factor. This may not be true when 
quantum mechanics is taken into consideration. This 
paper considers factoring integers and finding 
discrete logarithms, two problems which are generally 
thought to be hard on a classical computer and which 
have been used as the basis of several proposed 
cryptosystems. Efficient randomized algorithms are 
given for these two problems on a hypothetical 
quantum computer. These algorithms take a number 
of steps polynomial in the input size, e.g., the 
number of digits of the integer to be factored.



If computers that you build are quantum,

Then spies everywhere will all want ôem .

Our codes will all fail,

And theyôll read our email,

Till we get crypto thatôs quantum, and daunt ôem . 

ïJennifer and Peter Shor



To read our E -mail, how mean

of the spies and their quantum machine;

be comforted though,

they do not yet know

how to factorize twelve or fifteen.

ïVolker Strassen



P

NP

NP-
complete
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PÍNP

ÄP Turing

ÄNP(Nondeterministic Polynomial)

YES

Än= pq p,q NP

n p q

Ä

127 x 129 = 29083

? x ? = 29083 

127 x 129 29083 YES!



PÍNP

http:// www.scottaaronson.com /talks/ anthropic.html



ñWhat Quantum Computing Isn'tò Scott Aaronson https://goo.gl /95SpPA
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D-Wave - Natural Quantum Computation (Google Tech talks 2010/10)
http:// www.youtube.com / watch?v =56qR0iX5A4o
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disordered magnetò



Rose

Ä

Ä

Ä



Google 

2019

 ð  ð
https://www.marulabo.net/docs/q -supremacy/
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Quantum supremacy using a 
programmable superconducting 

processor

2019/10/23

https://www.nature.com/articles/s41586 -019 -
1666 -5

https://www.nature.com/articles/s41586-019-1666-5
https://www.nature.com/articles/s41586-019-1666-5
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Googleôs Quantum Dream Machine

https:// goo.gl /Y9zvV5



Googleôs Quantum Dream Machine

John Martinis

Ä The theoretical underpinnings of quantum 
computing are well established. And physicists can 
build the basic units, known as qubits, out of which 
a quantum computer would be made. They can 
even operate qubits together in small groups. But 
they have not made a fully working, practical 
quantum computer.

ÄMartinis is a towering figure in the field: his 
research group at the University of California, 
Santa Barbara, has demonstrated some of the 
most reliable qubits around and gotten them 
running some of the code a quantum computer 
would need to function.

https:// goo.gl / MTrLFX



John Martinis

Ä He was hired by Google in June
2014 after persuading the 
company that his teamôs 
technology could mature rapidly
with the right support. With his 
new Google lab up and running,
Martinis guesses that he can 
demonstrate a small but useful 
quantum computer in two or 
three years. ñWe often say to 
each other that weôre in the 
process of giving birth to the 
quantum computer industry,ò he says.

https:// goo.gl / MTrLFX

http://www.technologyreview.com/news/530516/google-launches-effort-to-build-its-own-quantum-computer/
http://www.technologyreview.com/news/530516/google-launches-effort-to-build-its-own-quantum-computer/
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http://www.turingarchive.org/viewer/?id=458&title=1
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Turing

= DNA 1953
Turing 1954

= Turing
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Covid -19

https:// en.wikipedia.org /wiki/Coronavirus_disease_2019#Research



Covid -19 Cytokine storm



Covid -19 vaccine

https:// en.wikipedia.org /wiki/COVID -19_vaccine



PCR

Ä Polymerase chain 
reaction (PCR) is a method 
widely used to rapidly make 
millions to billions of copies 
of a specific DNA sample, 
allowing scientists to take a 
very small sample of DNA 
and amplify it to a large 
enough amount to study in 
detail. PCR was invented in 
1984 by the American 
biochemist Kary Mullis at 
Cetus Corporation. 

Ä 1993





CRISPR-Cas9
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GitHub

Facebook



 Coq

Coq



= =

1970
( )

 40
=



= =

90



=

=

=

=

Excel



=

=

Turing

=

=



=



=
1+1=2 

=





20

20



=
20



20



Church -Turing Thesis

(Recursive)



(Recursively Enumerable)

(Recursive)



Easy Intractable Impossible



Easy Intractable Impossible

P      NP   PSPACE  NEXP



NP-

Ä 1971 Cook NP-
NP-

Levin

Ä 1972 Karp NP-
NP-

Karp 21

Ä NP-
òList of NP -complete 

problemsò https://goo.gl/XUSvRz )

Ä : ñIntractability ò

Ä Cook 1982 Karp 1985 Turing

https://goo.gl/XUSvRz


3-SAT
Graph Coloring

Hamilton Path

Clique

NP-
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 Interactive Proof 

https://www.marulabo.net/docs/math - foundations /

https://www.marulabo.net/docs/math-foundations/
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ÄGoogle



2. Natarajan MIP*=RE 

Ä 2020 Natarajan MIP*=RE 

Ä
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BQP (Bounded-Error Quantum Polynomial-Time):The class 
of problems solvable efficiently by a quantum computer, 
defined by Bernstein and Vazirani in 1993

Shor 1994:Factoring integers is in BQP

NP

NP-complete

P

Factoring BQP



Church -Turing Thesis

Ä Scott Aaronson Google

Church -Turing Thesis

Ä Google
Turing

Church - Turing Thesis

Turing



Church -Turing Thesis

Ä Scott Aaronson Google

Church -Turing Thesis

Ä Google
Turing

Church - Turing Thesis

Turing
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Church -Turing Thesis
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BQP Turing



MIP* = RE 

ñMIP*=REñ 
Zhengfeng Ji, Anand Natarajan, Thomas Vidick , 

John Wright, Henry Yuen

2020 1

https://arxiv.org/pdf/2001.04383.pdf

https://arxiv.org/pdf/2001.04383.pdf


Henry Yuen Thomas Vidick Zhengfeng Ji

Anand Natarajan John Wright



 ñMIP*=REò

ÄMIP*=RE :
We show that the class MIP* of languages that can 
be decided by a classical verifier interacting with 
multiple all -powerful quantum provers sharing 
entanglement is equal to the class RE of recursively 
enumerable languages. 

ÄHalting Problem :
An immediate byproduct of our result is that there 
is an efficient reduction from the Halting Problem 
to the problem of deciding whether a two -player 
nonlocal game has entangled value 1 or at most 
1/2 .



 ñMIP*=REò

ÄTsirelsonôsproblem :
Using a known connection, undecidability of the 
entangled value implies a negative answer to 
Tsirelsonôsproblem: we show, by providing an 
explicit example, that the closure Cqa of the set of 
quantum tensor product correlations is strictly 
included in the set Cqc of quantum commuting 
correlations

ÄConnes ô embedding conjecture :
Following work of (Fritz, Rev. Math. Phys. 2012) 
and ( Junge et al., J. Math. Phys. 2011) our results 
provide a refutation of Connesô embedding 
conjecture from the theory of von Neumann 
algebras..
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Easy Intractable Impossible
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